Rapidly increasing input current of microprocessors resulted in rising cost and motherboard real estate occupied by decoupling capacitors and power routing. We show by analysis that an on-die switching DC-DC converter is feasible for future microprocessor power delivery. The DC-DC converter can be fabricated in an existing CMOS process (90nm-180nm) with a back-end thin-film inductor module. We show that 85% efficiency and 10% output voltage droop can be achieved for 4:1, 3:1, and 2:1 conversion ratios, area overhead of 5% and no additional on-die decoupling capacitance. A 4:1 conversion results in 3.4x smaller input current and 6.8x smaller external decoupling.
INTRODUCTION
Maximum current consumption, current density and current transient demands of high performance microprocessors have been increasing by 50% per generation in spite of supply voltage (V CC ) scaling (see Figure 1) . Reduction of V CC makes the problem of delivering larger currents with high conversion efficiency even more challenging, especially since the maximum acceptable V CC variation is on the order of 10% of the target V CC value [1] . Employing traditional methods [3] to meet V CC variation targets on the microprocessor die in the presence of large current transients requires a prohibitively large amount of on-die decoupling capacitance (decap). Alternately, the motherboard voltage regulator and converter module (VRM) is required to operate at a higher frequency. Expensive solutions need to be employed to minimize impedance (Z ext ) of the off-chip supply network carrying high current from the VRM to the die across board, socket and package traces and reduce the parasitic resistance and inductance between the VRM output and the on-die power grid [4] (see Figure 2) . Excessive losses in the low-voltage, high-current distribution network are also imposing significant burdens on system cooling. Increasing input voltage to the VRM [5] , and moving the VRM closer to the microprocessor by integrating it either in the package or the die itself alleviates both problems. Introduction of thin-film inductors operating at frequencies above 100MHz [6] [7] has opened the possibility of integrating a DC-DC converter on a single silicon chip. 
Near-Load Converter Insertion
Inserting a DC-DC converter near the load (see Figure 3) will reduce the VRM current I ext and allows to increase the impedance Z ext , i.e., reduces the decoupling requirement. For a given conversion ratio of N:1 and an efficiency η, the current reduction is I ext /I L =1/Nη. With a converter-added droop of 5% the reduction of decoupling requirement is 1/(0.5N 2 η). Figure   Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Figure 4 . Reduction in VRM current, resistive loss, and offchip decoupling requirement for integrated DC-DC converters with 85% efficiency.
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DC-DC Converter Integration Schemes
In this paper, we propose and evaluate monolithic (1-chip) and 3D-stacked (2-chip) power delivery schemes utilizing an integrated DC-DC converter and a thin-film inductor technology.
In the 1-chip scheme (Figure 5a ), the converter is implemented on the microprocessor die packaged using flip-chip technology with Controlled Collapse Chip Connection (C4 bump) between a die and the package. The 1-chip scheme adds complexity to the logic processing technology, but provides the added benefit of reducing C4 bump currents that are limited by reliability considerations. In the 2-chip scheme (Figure 5b ), a separate converter chip is "stacked" on top of the microprocessor die using a threedimensional (3D) "through-hole" assembly technology in order to put the two chips in the closest possible proximity. This allows the process technology to be optimized separately for the converter chip, and does not impact the already scarce interconnect resources on the microprocessor chip. We propose various converter topologies and concepts based on regular and coupled inductors [8] , and compare their effectiveness in terms of efficiency, die area and impact on process complexity for high performance microprocessors in 90nm technology generation. We assumed a supply voltage, V CC , of 1.2V and load current density of 100A/cm 2 for conversion ratios (N) ranging from 2:1 to 4:1. We also evaluate efficiency improvements achievable by energy-recycling drivers and zero-voltageswitching (ZVS) applied to inductor bridges.
INTEGRATED DC-DC CONVERTERS
Integrated DC-DC converters differ from the traditional off-chip VRM in several ways. Typically, the VRM is a synchronous buck converter ( Figure 6 ) that uses slow high-voltage transistors as switches in the bridge, a high-quality inductor L and a large decoupling capacitance C. Figure 6 . Buck converter topology.
An on-die converter, in contrast, has to meet the same V CC droop requirement with much smaller decap already present on the microprocessor die to minimize die area impact. This requires smaller L and higher bridge frequency along with fast regulators. As a result, switching and conduction losses in the converter become much higher, thus making it difficult to achieve high conversion efficiency. Figure 7 illustrates the fundamental limitation of a buck converter's response to a load current step:
The minimum time to accommodate a fast load current change ∆I is limited by the inductance L , i.e., T ind = L∆I/min(V out ,V in -V out ), and the regulator loop delay T reg . During this time, the current change has to be supported by the decoupling capacitor C > ∆Q/V droop , ∆Q = ∆I (T reg + T ind /2).
Figure 7. Load current step response in buck converters.
Smaller capacitance C can be achieved for a smaller filter inductor L which leads to a large ripple current. A multi-phase interleaved buck topology is used to cancel out the ripple current and suppress the ripple voltage at the output. Therefore, the I 2 R losses in the inductors and bridges, rather than the output voltage ripple impose the limit on the minimum size of L and the achievable droop of a buck converter.
Coupled Inductors
The tradeoff between the ripple current and output impedance is greatly alleviated by coupled-inductor topology (see Figure 8 and Figure 9 ). Compared to the equivalent buck converter, in circuits using coupled inductors with a coupling factor k, the effective output inductance L s (leakage inductance), which is responsible for the droop response, is reduced by a factor of L s /L = (1-k)/(1+k). The total ripple current I R , however, is still determined by L: Figure 9 shows a 4-phase converter using coupled inductors. The conversion ratio can be 4:1, 2:1, and 4:3. The circuit in Figure 9 can be generalized for 2 m phases by parallel connection two 2 m-1 -phase converters with two coupled inductors, allowing V out to be a multiple of V in /2 m . Further coupled-inductor topologies are shown in [8] . One of the key advantages of coupled-inductor topologies is that for small L s , the transient voltage droop becomes V droop ≈ ∆I √(L s /C) < 0.1V CC , even without any regulation. By choosing k<1 or by adding a small extra inductance at the output V out can be regulated to some extent at the cost of degraded droop response and output voltage ripple. The trade-off improves, however, as the number of phases is increased.
High-Voltage Drivers
High-voltage transistors are not readily available in highperformance logic process technologies used for microprocessors or stacked converter chip. Cascode bridge drivers can be used to support input voltages greater than V max , where V max is the reliability-limited highest transistor gate-source voltage allowed by the logic technology. Figure 10 shows a cascode bridge for V in =2V max converters. The NMOS cascode M1 M2 forms a switch connecting the output y to ground when V G1 is V max . When the switch is turned off (V G1 =0), the output voltage can rise to 2V max whereas V D1 will rise only to V max -V T . The PMOS cascode M3 M4 operates accordingly, controlled by V G4 which lies between V max and 2V max . The timing control ensures non-overlapping operation of the switches. None of the V GS / V DS will exceed V max . The current into the auxiliary rail V max is the supply current difference of the drivers U1 U2, which is typically small,.the V max rail can be supplied by the converter output. output of U6 switching between 0V and 3V max . Adding rail 4V max , inverters U7 thru U10, and another level shifter, forms a 4:1 cascode bridge. Note, that all the devices in the inverters may not be required in the final circuit (e.g., the PMOS of U1). Also, separate inputs and level shifters may be used to control the inverter tree.
Integrated On-Die Inductors
Thin-film regular and coupled inductors need to be fabricated on the microprocessor die or the converter chip. Figure 12 shows cross-section of an inductor with Al or Cu wires, surrounded by insulation and CoZrTa magnetic core material [6] . To reduce eddy current losses, the core should be laminated and/or slotted. (Table I) . The minimum metal width per unit current is limited to 0.4µm/mA by the saturation field B max =1.4T and relative permeability µ r =900 of CoZrTa. The wire width w c is optimized using a 3D EM solver to produce sufficiently high values of L/R and k (see Figure 13 ). For a converter-added droop of 5%, w c =8µm was the optimal value, resulting in k=0.98 and L/R=50ns. 
Energy Recycling Drivers
Concepts of energy-recycling (adiabatic) bridge drivers and ZVS switching, needed to reduce switching losses, are illustrated in Figure 14 . The energy for charging and discharging the bridge input and output capacitances is recycled through the input and output L. Timing parameters ∆T and T ZVS can be tuned to minimize losses.
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Figure 14. Energy recycling driver circuit.
A delay element, two drivers U1 U2, and an autotransformer drive the inductor L with a stair-case shaped voltage V c to charge and discharge the load capacitance C (typically the gate capacitance of a bridge transistor Ms,N or Ms,P). The current through the inductor has a half-sine shape. At the end of a transition, the output voltage V Gsw is close to either the ground or the supply and the respective clamping transistor Mcl or Mch is turned on (see Figure 15) . In a falling transition, the energy stored in C is transferred through L, the transformer, and the output PMOS of U2 back to the supply rail, i.e., the energy is recycled.
Figure 15. Energy recycling driver timing.
MODEL AND ANALYSIS METHOD
The DC-DC converter model assumes following input parameters: (a) converter process technology ranging from 180nm to 90nm, (b) inductor technology choice from Table 1 , (c) decoupling cap, (d) conversion ratio, (e) worst-case load current transients, (f) driver configuration, (g) regulation mode, and (h) maximum allowed area overhead. The analysis self-consistently optimizes bridge transistor sizes, frequency f, ripple current I R or L value, driver timing parameters ∆T & T ZVS to produce the highest efficiency η, while meeting a worst-case Vcc droop (V droop ) requirement of 5%, subject to the specified area overhead constraint.
The efficiency model accounts for the three main power loss components, the resistive loss in the bridge, the capacitive loss in the bridge and in the drivers and the resistive loss in the inductor, as well as eddy current and hysteresis losses in the magnetic core, and losses in the adiabatic drivers. While most quantities are modeled analytically, the voltage droop is computed by solving a transient differential equation numerically.
RESULTS AND DISCUSSION
Optimizations were run for three technology options: (a) 1-chip with L/R=50ns (90nm technology, inductors use existing toplevel metal), (b) 1-chip with L/R=200ns (90nm technology, inductors use additional thick metal), and (c) 2-chip with L/R=200ns (130nm technology, thick top-level metal).
A monolithic DC-DC converter using coupled inductors implemented in a 200ns L/R inductor technology achieves more than 85% conversion efficiency when k > 0.9 for 2:1 conversion ratio with only 10% of the die area used for decaps (Figure 16 ). No regulation is necessary. Similar efficiency can be achieved for 2:1 conversion ratio by a traditional buck converter (k = 0) only if implemented with fast regulation on a second converter chip in the same process technology where all the available area in the second chip is occupied by additional decaps and bridge transistors. In this case, the inductor occupies the entire second chip area, in contrast to only 16% of die area consumed by coupled inductors (Table 2 ). Furthermore, efficiency will fall below 85% at higher conversion ratios. Converters based on uncoupled inductors require large area and are only viable for current densities much less than 100A/cm 2 . Therefore, the following analysis will focus on DC-DC converters utilizing coupled inductors. Figure 18 shows best achievable efficiency vs. conversion ratio achievable for maximum 5% added voltage droop. Since both capacitance and resistance increase with the cascode bridge stack height and switching losses increase with input voltage V in , efficiency decreases at higher conversion ratios. An efficiency of 85% can be achieved for conversion ratio of 4:1 with 200ns L/R coupled inductor technology implemented either in monolithic scheme or as stacked 2-chip scheme. The second chip can be implemented in an older and less expensive 180nm logic process technology that supports a V in of 3.6V with bridge stack height of two. Table 4 shows the benefit from energy recycling and ZVS bridges applied to converters with coupled inductors. The efficiency improves by 6% for 2:1 conversion ratio and by 20% for 4:1 conversion ratio. Since energy recycling reduces the capacitive losses significantly, the optimal bridge size A brdg increases, leading to lower bridge resistance and smaller switching frequency. Regulation, on the other hand, does not help significantly, since the droop is already small. 
SUMMARY
We analyzed the feasibility of monolithic and stacked on-die DC-DC converters for microprocessor power delivery, based on a numerical model, and we proposed circuit techniques to support high-voltage switching in a low-voltage CMOS process. Due to the limited available capacitance, inductor coupling is required to meet the droop criterion. The analysis shows that a buck converter with un-coupled inductors requires excessive decoupling capacitance in order to meet the output droop requirement and is feasible only for small load currents. Energy recycling can improve efficiency by as much as 20%. We showed that an efficiency of 85% can be achieved for conversion ratios of up to 4:1 with thin-film inductors using an extra metal layer, either on the processor die (monolithic) or on a separate die (stacked) and that a 2:1 converter requires less than 5% area overhead. With a 4:1 converter, the input current is 3.4x smaller and the off-chip decoupling capacitance is 6.8x smaller when compared with the current power delivery without an integrated DC-DC converter.
